2+ that is perpendicular to the axial quinoline rings, the 3 MLCT state has an occupied quinoline π* orbital that can interact with a dσ* Ru−NCCH 3 antibonding orbital as the Ru−NCCH 3 bond is stretched and the quinolines bend toward the departing acetonitrile. This reduces the barrier for the formation of the dissociative 3 MC state, leading to the selective photodissociation of this acetonitrile. By contrast, when the acetonitrile is in the plane of the quinolines or bpy, no interaction occurs between the ligand π* orbital and the dσ* Ru−NCCH 3 orbital, resulting in high barriers for conversion to the corresponding 3 MC structures and no release of acetonitrile.
■ INTRODUCTION
Metal complexes that undergo photochemical substitution reactions are used widely in chemistry and biology. 1−4 Photodissociation can release active agents from metal centers, providing a method for garnering spatiotemporal control over biological activity. 5−7 Light-activated release of ligands can also open up coordination sites for interaction with biological targets. 8, 9 In general, light-activated metal complexes are important tools for basic research applications. 10 They also have potential as highly specific agents for photodynamic therapy that would mitigate damage to surrounding tissue by using light with a targeted photosensitizer to control the site of drug activation. 11−13 Light-activated ruthenium complexes have been applied successfully in many biological applications, in part because of their kinetic inertness in the dark and rich photochemical reactivity. Photoactivation can be used to open coordination sites on ruthenium for DNA binding, such as that observed for [Ru(bpy) 2 (NH 3 ) 2 ] 2+ (bpy = 2,2′-bipyridine) 14 and other complexes. 15 Recent reports showed that bidentate ligands can also be released from Ru(II) complexes for DNA binding, providing high phototoxicity indices against cancer cells under light versus dark conditions. 16, 17 Ruthenium complexes also photocleave DNA through oxidative mechanisms.
18−21 Beyond DNA, 22 a variety of small molecules can be caged and released from ruthenium complexes, including nitric oxide (NO), 23−30 neurotransmitters, 31−41 cytotoxic agents, 5, 6 and protease inhibitors. 42, 43 These complexes have proven applications in cell culture experiments for garnering spatial and temporal control over biological activities, such as apoptotic induction, neurotransmission, or enzyme inhibition.
Although ruthenium complexes have enjoyed great success as biochemical tools, ligands for ruthenium-based caging groups have focused mainly on planar heteroaromatics of lower denticity, typically bi-or tridentate chelators such as bpy or tpy (tpy = 2,2′:6′,2″-terpyridine). In an effort to explore additional chemical space, Kodanko, Turro, and co-workers recently discovered that tris(2-pyridylmethyl)amine (TPA), a tripodal chelator with four nitrogen donors, is an effective ligand for ruthenium-based caging groups. Complexes derived from TPA are stable in the dark and release nitriles efficiently upon irradiation with UV light (365 nm). 44 In an effort to tune the photochemistry of the Ru(TPA) caging group, ligands derived from TPA were designed and analyzed for photochemical reactivity of Ru(II) nitrile complexes. 45 Results revealed that absorptivity is shifted readily into the visible range upon tuning the ligand structure. However, a wide range of reactivities with light was observed for complexes derived from very similar ligands, even though several complexes absorbed light in the visible range. Further investigations were needed to explain why some complexes underwent selective ligand release, whereas others were inert toward light.
In general, two factors are important for achieving efficient release of a ligand from a metal complex useful for biological applications. First, the complex should absorb at the desired wavelength of light. Second, after excitation into a 2+ complexes has been studied by density functional theory (DFT), 47 and ligand dissociation was attributed to the mixing between 3 MLCT and 3 MC dissociative states. 46−48 However, the factors that controlled the photochemical reactivity of Ru complexes derived from TPA and related ligands were not clear and warrant further investigation.
In this paper, we apply DFT to investigate the photochemical behavior of two Ru complexes from Kodanko, Turro, and coworkers that were identified by photodissociation experiments:
, where TQA = tris(2-quinolinylmethyl)amine} and Ru(DPAbpy) {[Ru (DPAbpy)-MeCN] 2+ , where DPAbpy = N-(2,2′-bipyridin-6-yl)-N,N-bis-(pyridin-2-ylmethyl)amine}. The relative energies of the 3 MLCT and 3 MC structures were studied first. Then relaxed scans were conducted on the triplet potential energy surfaces to determine the barriers for dissociation. The molecular orbitals of the 3 MLCT and 3 MC structures were examined to explain the contrasting photodissociation behaviors of the Ru(TQA) and Ru(DPAbpy) complexes.
■ COMPUTATIONAL METHODS
Electronic structure calculations were conducted using the BP86 density functional 50, 51 as implemented in a developmental version of Gaussian. 52 The SDD basis set and effective core potential 53−55 were used for the Ru atom, and the 6-31G(d) basis set 56, 57 was used for all other atoms. All optimized structures were checked by normal mode vibrational analysis, and wave functions were tested for SCF stability. Solvation effects in acetonitrile and water were accounted for using the implicit SMD continuum solvation model 58 and were included during structure optimization. The identities of the 3 MLCT and 3 MC electronic configurations were confirmed by spin density populations. GaussView 59 was used to visualize isodensity plots of the spin populations (isovalue = 0.004 au) and canonical and corresponding/ biorthogonal orbitals 60 (isovalue = 0.04 au). To explore the potential energy surfaces for dissociation, relaxed potential energy surface scans were performed by stretching the Ru−NCCH 3 bond and optimizing the remaining coordinates. The QST3 method 61, 62 was used to find the transition state on the triplet surface. The transition state was confirmed to have only one imaginary frequency by vibrational mode analysis. The DVV steepest descent reaction path following was used to track the dissociation on the 3 MC surface. 63 TD-DFT calculations 64, 65 were performed with the same density functional and basis sets. Vertical excitations with 25 singlet and 25 triplet states were calculated using ground state geometries to simulate the UV−vis spectra. To explore the triplet potential energy surfaces, 20 triplet excited states were calculated using the geometries from the relaxed scan. The electronic transitions were checked by visualizing the orbitals (isovalue = 0.04 au) using GaussView. complexes shown in Scheme 1 were previously synthesized and characterized by UV−vis and 1 H nuclear magnetic resonance (NMR) spectroscopies and X-ray crystallography. 45 Upon irradiation with >395 nm light for 1−3 h, these complexes exhibited different ligand dissociation behaviors as determined by changes in the UV−vis and 1 H NMR spectra. Ru(TQA) has two MeCN ligands at N5 and N6 (Scheme 1). The photodissociation of MeCN occurred only at N6, where the MeCN is perpendicular to the plane of the quinolines (Q) at N1 and N4. The other MeCN at N5, which is coplanar to Q at N1 and N4, did not dissociate. Ru(DPAbpy) contains one MeCN at N6 that is coplanar with the bpy ligand. This complex is inert toward photodissociation of MeCN under the conditions described here.
■ RESULTS AND DISCUSSION
TD-DFT calculations of the UV−vis spectrum show that the lowest-energy excited singlet states for both Ru(TQA) and Ru(DPAbpy) are 1 MLCT states. The 1 MLCT states readily convert to 3 MLCT states by intersystem crossing. 66 Because the photodissociations occur from the triplet states, we focused on the triplet potential energy surfaces. Because the states of interest are the lowest-energy electronic configurations in the triplet manifold, they can be calculated by SCF methods as well as by TD-DFT methods.
The SCF-optimized geometries of the ground state (S 0 ) and triplet excited states in acetonitrile are listed in Table 1 . The optimized geometries in water agree closely with the acetonitrile values (see Table S1 MC structures can be understood in terms of their different singly occupied molecular orbitals (SOMOs) shown in Figure 3 [the singly occupied corresponding/biorthogonal orbitals are essentially the same as the canonical SOMOs (see Figure S1) ]. In the 3 MLCT state, the lower-energy SOMO (SOMO 1 ) is a dπ 1 orbital of Ru mixed with a π orbital of the quinoline at N1, while the higher-energy SOMO (SOMO 2 ) is mainly a π* orbital of the quinoline ring. The MLCT state and stretching specific Ru−N(MeCN) bonds. For each scan, the chosen Ru−N bond was increased in increments of 0.1 Å and the energy was minimized with respect to the remaining coordinates. In the region around the maximum, the relaxed scan was conducted with smaller increments. Figure 7 shows the potential energy scans of Ru(TQA) with respect to the stretching of the two Ru− N(MeCN) bonds. When the Ru−N6(MeCN) bond is elongated (Figure 7a ), a smooth transition occurs from the MLCT to 1.33 at the highest energy point of the scan and continues to increase to 1.58 in the dissociated products.
Inorganic Chemistry
To gain a better description of the dissociation, the transition structure ( 3 TS) was optimized with the QST3 method. The initial guess for 3 TS was taken from the highest point of the scan. The optimized transition state is 4.6 kcal/mol higher in energy than the 3 MLCT minimum energy structure, and Table 1 ). The optimized 3 TS has a spin density of 1.33 on Ru (Figure 8) (Table 2 ). In contrast, SOMO 2 is π bonding for the e and g bonds, so they are shorter in 3 MLCT than in 3 MC 1 . In the optimized 3 TS, most of the electron population has transferred to Ru, so the lengths of these bonds are closer to those of the 3 MC 1 structure . MLCT to 3 MC 3 is estimated to be 14.5 kcal/mol, which is significantly higher than the 4.6 kcal/mol barrier found for stretching the Ru−N6(MeCN) bond and the transition to 3 MC 1 . This is in agreement with the experimental results, which shows that efficient photodissociation of MeCN occurred only for N6 and not for N5.
For Ru(DPAbpy), the conversion of 3 MLCT to the dissociative 3 MC 2 surface is similar to that from the 3 MLCT to 3 MC 3 transition for Ru(TQA), showing an abrupt transition in the energy, geometry, and spin density when the Ru− N6(MeCN) bond is stretched (Figure 9 ). The estimated barrier is 13.1 kcal/mol, considerably higher than for the stretching of the Ru−N6(MeCN) bond in Ru(TQA) (4.6 kcal/ mol). In part, this is because the dissociative products are higher in energy than the 3 MLCT state and in part because the rigidity of the ligand prevents relaxation of the geometry. Furthermore, there is little or no interaction between the bpy π* orbital of the 3 MLCT state and the Ru−N6(MeCN) σ* orbital that could lower the energy of the transition from the 3 MLCT state to the 3 MC 2 surface. This high barrier for Ru(DPAbpy) is in accord with experiment, which did not find photodissociation of MeCN in Ru(DPAbpy).
MO Analysis along the Potential Energy Scan. To help understand the mechanism for photodissociation for these complexes, we analyzed the MOs for relaxed geometries along the potential energy scans. For Ru(TQA), when the Ru−N6 bond is stretched longer than 2.25 Å (Figure 10 Figure 9 . Relaxed potential energy scan from the 3 MLCT state of Ru(DPAbpy) in acetonitrile for stretching the Ru−N6(MeCN) coordinate toward dissociated products. The energy of each point is relative to the energy of the fully optimized 3 MLCT geometry. The numbers along the scan show the spin density on Ru. Figure 11 ). The ligand framework restricts reorientation of the quinoline during stretching of the Ru−N5 bond, and the ligand π* orbital remains orthogonal to the dσ 2 * orbital. As the Ru−N5(MeCN) bond is stretched, the energy of the dσ 2 * orbital decreases. When the energy of the dσ 2 * orbital is lower than SOMO 2 of the 3 MLCT state, the occupancy of the two orbitals switches, resulting in an abrupt transition to the 3 MC 3 potential energy surface. Because the dσ 2 * orbital interacts with the MeCN in an antibonding manner, this change in occupation leads to dissociation. Because there is no interaction with the π* orbital, the Ru−N5 bond must be stretched further before the transition occurs (2.69 Å compared to 2.49 Å for Ru−N6 bond stretching). The greater amount of stretch and the lack of orbital interaction result in a higher barrier. Because breaking the Ru−N5 bond has a much higher barrier than the Ru−N6 bond, only dissociation of MeCN at N6 is observed for Ru(TQA).
A similar picture of orbital interactions is obtained when the Ru−N6(MeCN) bond of Ru(DPAbpy) is stretched ( Figure  12 ). Because the orbitals remain orthogonal as the Ru−N6 bond is stretched, no mixing occurs between the π* orbital of bpy and the Ru dσ 2 * orbital responsible for MeCN dissociation. The Ru−N6 bond of Ru(DPAbpy) must be stretched by about the same amount as the Ru−N5 bond in Ru(TQA) before the dσ 2 * orbital becomes lower in energy than SOMO 2 of the 3 MLCT state, so that the transition to the 3 MC 2 potential energy surface can occur. The similar amount of stretch results in comparable barrier heights. This high barrier is in agreement with the experiments for which photodissociation of MeCN is not detected for Ru(DPAbpy).
With the discussion given above, the selective photodissociation of acetonitrile can be rationalized as outlined in Scheme 2. Ligand photodissociation is ascribed to the conversion of 3 MLCT to 3 MC, which involves transfer of electron density from the ligand π* orbital to a Ru dσ* orbital. The ease of this conversion is related to the extent of interaction (mixing) between these two orbitals. If they can interact as the bond is stretched and the complex is distorted, the mixing leads to a smaller barrier for ligand dissociation. If the orbitals remain orthogonal as the bond is stretched, there is no mixing and the states change abruptly when the energy of the dσ* orbital becomes lower than that of the ligand π* orbital. Because reaching this geometry requires greater stretching of the bond, the barriers are higher than when mixing can occur. In Ru(TQA), there are two MeCN ligands that could dissociate. Because the MeCN at N6 in Ru(TQA) is perpendicular to quinoline rings (Q A and Q B in Scheme 2), mixing of the ligand π* and Ru dσ* can occur as the bond is stretched, resulting in a smooth transition from 
■ CONCLUSIONS
Experiments have shown that suitably designed ruthenium complexes can release nitrile ligands by photoactivation. We have chosen two complexes to study the factors that govern the photodissociation in these complexes. For Ru(TQA), one of the two possible MeCN ligands is observed to dissociate selectively, whereas photodissociation of MeCN is not seen for the closely related Ru(DPAbpy) complex. We have used density functional theory to compute the energies and geometries of the 3 MLCT and dissociative 3 MC states and to explore the triplet potential energy surfaces. By analyzing the molecular orbitals along relaxed scans for stretching the Ru− N(MeCN) bonds, we have demonstrated that MeCN photodissociation is facilitated by orbital mixing between the ligand π* orbital of the 3 
